The crystal structure of the wild-type form of glutaryl-7-ACA (7-aminocephalosporanic acid) acylase from Pseudomonas N176 and a double mutant of the protein (H57βS/H70βS) that displays enhanced catalytic efficiency on cephalosporin C over glutaryl-7-aminocephalosporanic acid has been determined. The structures show a heterodimer made up of an α-chain (229 residues) and a β-chain (543 residues) with a deep cavity, which constitutes the active site. Comparison of the wild-type and mutant structures provides insights into the molecular reasons for the observed enhanced specificity on cephalosporin C over glutaryl-7-aminocephalosporanic acid and offers the basis to evolve a further improved enzyme variant. The nucleophilic catalytic serine residue, Ser 1β , is situated at the base of the active site cavity. The electron density reveals a ligand covalently bound to the catalytic serine residue, such that a tetrahedral adduct is formed. This is proposed to mimic the transition state of the enzyme for both the maturation step and the catalysis of the substrates. A view of the transition state configuration of the enzyme provides important insights into the mechanism of substrate binding and catalysis.
INTRODUCTION
Cephalosporins are currently the most widely prescribed class of antibiotics on the market and are used to treat both Grampositive and Gram-negative bacteria (reviewed in [1] ). They act by inhibiting transpeptidase enzymes, also known as penicillinbinding proteins, involved in the final step in the synthesis of the peptidoglycan layer of bacterial cell walls [2] .
Cephalosporins contain a 7-ACA (7-aminocephalosporanic acid) nucleus, which is derived from CephC (cephalosporin C), the natural cephalosporin originally isolated from the fungus Cephalosporium acremonium. This nucleus bears similarities to that of penicillin, with the exception that the five-membered sulfur-containing ring found in the penicillin family is replaced with a six-membered sulfur-containing ring in cephalosporins. The cephalosporins are more effective antibiotics than penicillins as they are less susceptible to bacterial penicillinases such as β-lactamases. The 7-ACA nucleus is not sufficiently potent for clinical use, whereas modifications of the side chains linked to the 7-ACA nucleus have resulted in a series of highly effective antibiotic agents. Currently development of fourth-generation cephalosporins is underway [3, 4] .
The industrial production of higher generation semisynthetic cephalosporins starts from 7-ACA, which is obtained by deacylation of the naturally occurring antibiotic CephC. The conversion of CephC to 7-ACA can be carried out either chemically or enzymatically, using D-amino acid oxidase and Gl-7ACA (glutaryl-7-ACA) acylase, a member of the Ntn (N-terminal hydrolase) class of hydrolytic enzymes [3] [4] [5] . Both of these methods have limitations, including the production of toxic waste products (chemical process) or the expense (enzymatic process). A further main drawback of the twostep enzymatic process is the H 2 O 2 that D-amino acid oxidase produces as a by-product. H 2 O 2 is required to convert the α-ketoadipyl-7-ACA intermediate into Gl-7ACA, but it also negatively affects flavoenzyme stability. In order to eliminate the H 2 O 2 , the co-immobilization of D-amino acid oxidase and catalase was proposed [6] , as well as the production of yeast strains overexpressing both enzymes [7, 8] . In addition, the use of a mutant Escherichia coli strain with reduced catalase activity was proposed to maximize the conversion of the α-ketoadipyl-7-ACA intermediate into Gl-7ACA [9] . In order to circumvent these problems, there has been interest in designing a single step enzymatic conversion of CephC to 7-ACA catalysed by a true CA (CephC acylase) [5] .
GAs (glutaryl acylases; EC 3.5.1.93) have been classified into five classes on the basis of their sequence, molecular mass and enzymatic properties [5, 10] : all of them show very limited CA activity. Members of each class are very similar on the basis of substrate specificity and sequence conservation (they share >90 % of nucleic acid or amino acid sequence identity). Members of class I (e.g. P130 from Pseudomonas sp. 130) and class III (e.g. N176 from Pseudomonas sp. N176) show the highest activity to CephC (4 % relative to Gl-7ACA) [11] . Thus the ideal manner to produce a true CA is through engineering a GA such that it will efficiently bind and deacylate CephC. Such studies Abbreviations used: 3D, three-dimensional; 7-ACA, 7-aminocephalosporanic acid; CA, cephalosporin C acylase; CephC, cephalosporin C; GA, glutaryl acylase; Gl-7ACA, glutaryl-7-ACA; Ntn, N-terminal hydrolase; PAC, penicillin acylase; PEG, poly(ethylene glycol); RMSD, root mean square deviation; SeMet, selenomethionine. 1 To whom correspondence should be addressed (email alice.vrielink@uwa.edu.au).
The structural co-ordinates reported for the wild-type form of glutaryl-7-ACA acylase from Pseudomonas N176 and a double mutant of the protein will appear in the PDB under accession codes 4HSR and 4HST respectively. have been carried out by Pollegioni et al. [12] to effectively produce a specific CA: using a combination of error-prone PCR mutagenesis, molecular modelling, site-saturation mutagenesis and site-directed mutagenesis, variants of GA from Pseudomonas N176 (named VAC) with enhanced catalytic efficiency on CephC over Gl-7ACA were produced.
In the present study we describe the high-resolution structures of the wild-type VAC enzyme as well as a double mutant H57βS/H70βS. This structure represents the first structure of a class III GA. This double mutant was chosen as it exhibits the highest change in catalytic efficiency over the wild-type enzyme: its maximal activity is ∼ 5-fold higher and ∼ 5-fold lower than the wild-type on CephC and Gl-7ACA respectively, and the CephC/Gl-7ACA catalytic efficiency was increased up to 100-fold [12] . Comparison of the two structures provides insight into the altered substrate binding and catalytic activity of the mutant enzyme relative to the wild-type VAC. In addition, both structures reveal a ligand covalently bound to the catalytic serine of the mature heterodimer. This complex, which is proposed to mimic the reaction transition state, provides further insight into the role of the specific residues in catalysis. This structural information has been employed to evolve an improved VAC variant, more active on CephC.
EXPERIMENTAL Protein expression, purification and crystallization
The synthetic genes for the wild-type VAC and the double mutant were cloned into the pET24 expression vector and transformed into E. coli BL21(DE3)pLysS as described previously [12, 13] . Wild-type VAC differs from N176 acylase by the presence of the M31βF substitution. Site saturation mutagenesis at position α165 was carried out starting from the cDNA encoding for H57βS/H70βS VAC and the library was screened as reported by Pollegioni et al. [12] . The protocol for protein expression, purification and crystallization was described by Anandan et al. [14] . A SeMet (selenomethionine) mutant form of the VAC double mutant was prepared for crystallographic phase determination by utilizing lysine and threonine in the expression medium to inhibit the methionine biosynthetic pathway [15] . Briefly, a 50 ml preculture of E. coli containing the pET24 expression plasmid with the double mutant VAC gene was grown at 37
• C overnight in LB (Luria-Bertani) medium using kanamycin (30 μg/ml) and chloramphenicol (34 μg/ml). The cells from this preculture were pelleted by centrifugation and added to 1 litre of M9 minimal medium containing the above antibiotics. The following amino acids were added: lysine (100 mg/l), phenylalanine (100 mg/l), threonine (100 mg/l), isoleucine (50 mg/l), leucine (50 mg/l), valine (50 mg/l) and L-SeMet (60 mg/l), and the cells were grown at 37
• C. Induction of protein synthesis was initiated when the D 600 of the culture reached 0.6, by the addition of IPTG (isopropyl β-D-thiogalactopyranoside) to a final concentration of 0.6 mM. The cells were incubated overnight at 20
• C. The purification of the SeMet VAC protein was carried out as described by Anandan et al. [14] , with the only change being the addition of 5 mM 2-mercaptoethanol to the purification buffers to prevent oxidation of the SeMet protein. Purified protein was stored in 20 mM potassium phosphate buffer, pH 7.5, with the addition of 5 mM dithiothreitol.
Crystals of the wild-type VAC and the double mutant were grown as described by Anandan et al. [14] and detailed in the Supplementary Online Data (at http://www.biochemj.org/bj/ 451/bj4510217add.htm). The SeMet double mutant protein form was grown under identical conditions, except that a cross 
†The free R factor was calculated by using a 5 % randomly selected subset of the total number of reflections.
seeding procedure was used [16] . The crystals were dehydrated by transferring coverslips containing crystals obtained by the hanging-drop vapour-diffusion method to fresh reservoir solutions containing 30 % PEG [poly(ethylene glycol)], 20 % glycerol and 100 mM Tris, pH 8.0, for 2-4 h. The crystals were cryoprotected using paratone and flash frozen using liquid nitrogen.
Data collection and processing
In order to obtain high quality diffraction, a dehydration procedure was applied to the protein crystals grown by vapour diffusion as described previously [14] . Single-wavelength anomalous dispersion data were collected to 2.48 Å (1 Å = 0.1 nm) from a single SeMet double mutant VAC crystal using Beamline MX1 at the Australian Synchrotron equipped with an ADSC Quantum 210r detector. The fluorescent signals were measured using an Amptek CR100XR Pin diode detector. Data were only measured at the peak wavelength of 12650.8 eV as the crystal decayed after this due to radiation damage. The SeMet VAC dataset was processed using MOSFLM [17] . Inspection of the scaling output for the SeMet VAC double mutant revealed a weak pattern of axial reflections for every fourth reflection (0 4 0, 0 8 0, 0 12 0) where there was a systematic absence every axial reflection at 2n + 1. This may be due to the dehydration procedure of the crystals, which resulted in a ghost image of a larger cell remaining, possibly due to insufficient time for full dehydration. In order to deal with this problem, a usable dataset was produced by halving the b cell dimensions and these data were used for phasing.
Native data from the double mutant and wild-type VAC crystals were collected using Beamline MX2 at the Australian Synchrotron and processed using either MOSFLM or XDS [18] . For all datasets, data reduction was carried out using the CCP4 suite of software [19] . The datasets were indexed on an orthorhombic lattice in space group P2 1 2 1 2 1 . The final data processing statistics are shown in Table 1 .
Structure solution, model building and refinement
The single wavelength data from the VAC SeMet double mutant with the halved b axis cell was used for phasing. The software suite PHENIX was used to locate the selenium atoms, obtain preliminary phases for the structure and attain an initial chain tracing [20] . The initial model obtained consisted of 572 residues out of a total of 782 with a correlation coefficient of 0.67, R = 0.37 and R free = 0.42. Using this initial model, the crystal structure of the non-SeMet double mutant was solved by molecular replacement in PHENIX. Phases for the wild-type enzyme were determined by molecular replacement with PHASER [21] using the double mutant structure as the search model with water molecules and alternate side chain conformations removed and with the residues in the α-chain mutated to polyalanine.
Repeated manual rebuilding and refinement was carried for each of the structures using REFMAC [22] as part of the CCP4 suite of software. Inspection of the electron density and model building was carried out using COOT [23] . Refinements were carried out to the limit of the resolution of the datasets. TLS refinement was included at each cycle. After each cycle, manual rebuilds were carried out using COOT. SIGMAA-weighted maps, calculated with coefficients 2F o − F c and F o − F c , were used for the model rebuilds. As the refinement progressed, alternate conformations for a large number of residues were added and water molecules were included in the model. Residual electron density near the catalytic serine (Ser 1β ) suggested the presence of a ligand, covalently bound to the protein in both the wildtype and the VAC double mutant structures. A glutamate moiety was modelled into the electron density, such that the side chain hydroxyl oxygen atom of Ser 1β was covalently linked to the carboxyl carbon atom of the glutamate side chain in the bound ligand, resulting in a tetrahedral carbon atom. The final models for the high pH structures consisted of residues 14-229 for the α-chain, 1-535 for the β-chain, 976 water molecules and the covalently linked glutamate ligand. The final refinement statistics for each of the structures are shown in Table 1 . The co-ordinates for both the wild-type VAC structure and the double mutant structure have been deposited in the PDB (accession codes 4HSR and 4HST respectively).
Enzyme assays
A colorimetric enzyme assay was performed as described by Pollegioni et al. [12] . In order to qualitatively confirm the activity of the enzyme, 0.5 ml of purified VAC (approximately 5 mg/ml, pH 8.0) was incubated with 0.5 ml of 1 % (w/v) Gl-7ACA or 2 % CephC at 37
• C for 10 min. The reaction was halted by the addition of 3 ml of 20 % acetic acid and 0.5 ml of 0.5 % pDMAB (p-dimethylaminobenzaldehyde) dissolved in methanol. This mixture was incubated at room temperature (25
• C) for 10 min and the colour was noted: a yellow colour indicated the presence of a Schiff base product [24] . In order to have conditions close to the ones industrially used, hydrolytic reactions were monitored at 20
• C using a 718 STAT Titrino automatic titrator (Metrohm) as stated by Rosini et al. [25] . The rates of hydrolysis were calculated from the amount of NaOH solution added in the time unit.
HPLC-MS
For MS on the crystalline protein, crystals from approximately 12 hanging drops, grown at pH 8, were collected and washed in the crystallization mother liquor (10 % PEG and 100 mM Tris buffer, pH 8). The washed crystals were dissolved in 200 μl of 50 % acetonitrile, centrifuged and the supernatant was used for HPLC-MS analysis.
For MS on the non-crystallized protein, 100 μl of purified enzyme (24 mg/ml) was treated with 200 μl of 50 % acetonitrile, centrifuged (13600 g for 10 min) and the supernatant was used for HPLC-MS analysis.
HPLC-MS was performed using a Waters Alliance e2695 HPLC connected to a Waters LCT Premier XE mass spectrometer with an electrospray ionization source (ESI). Separation was achieved using a 150 mm×2.1 mm internal diameter, 5 μm, Alltima C 18 reversed-phase column (Grace-Davison) with a 7.5 mm×2.1 mm guard column of the same material. Samples were applied to the column in 10 μl injection volumes and eluted at a flow rate of 0.3 ml/min. The solvent system used for chromatographic separation involved a gradient of 1 % acetonitrile/water ( + 0.1 % formic acid) which was held for 5 min and increased to 80 % acetonitrile/water ( + 0.1 % formic acid) over 45 min and held for 5 min. 
RESULTS AND DISCUSSION

Structure solution
The structure of class III Gl-7ACA acylase was determined by SAD (single-wavelength anomalous diffraction) phasing using a SeMet mutant of the H57βS/H70βS engineered VAC. The overall protein fold for all three structures are identical and the only changes around the active site occurred between the structures. These changes are described in detail below. The final data processing and refinement statistics are shown in Table 1 .
Structural description of the class III Gl-7ACA acylase (and comparison of the structures of class I and class III enzymes)
GAs have been divided into five classes on the basis of substrate specificity and sequence conservation [5, 10, 11] . To date, only the 3D (three-dimensional) structure of protein members of class I have been determined, i.e. the GA from Pseudomonas diminuta, KAC-1 (named CAD protein) [26, 27] from Pseudomonas sp. 130 [28] and from Pseudomonas sp. strain GK16 [29] ; these proteins share sequence identity in the 94.6-97.6 % range. In the present study we report the first X-ray structure of the class III acylase: the structure of the wild-type VAC has been determined to 2.1 Å resolution, whereas the SeMet H57βS/H70βS engineered mutant was determined and refined to 1.57 Å resolution. VAC acylase is a heterodimer made up of an α-chain (229 residues) and a β-chain (543 residues). The protein is synthesized as a single folded precursor made of 782 amino acid residues that, once folded, undergoes an autocatalytic processing event to produce the mature α/β heterodimer. During this processing event an internal linker segment of ten residues (GDASDAAGGG) is removed from the pre-enzyme between the final α-and β-chains [12] . In the VAC (class III acylase) structure, the first 13 residues of the α-chain and the last eight residues in the β-chain (that includes the His 6 tag) are not visible. The core of the structure is composed of two antiparallel β-pleated sheets stacked together with α-helices positioned on the two outer surfaces ( Figure 1A ). Built at the top surface of the β-sheets are a large number of α-helices. These surround a deep cavity within the protein extending from the surface of the molecule to the top surface of the β-pleated sheets where the active site is located. The distance from the last residue of the α-chain and the first residue of the β-chain is 39 Å ( Figure 1C ). A superimposition, based on the secondary structure elements, of the structures of the class I and class III acylases, reveals a number of differences in the α-chain. The N-terminal region of VAC (class III structure, residues 14-31) adopts a different conformation from that of CAD (class I structure, residues 7-17). However, both of these segments lie on the exterior surface of the structure and the differences do not make a significant impact on the core portion of the structure or on any region of the active site. The middle portion of the α-chain (residues 133-147 in VAC) also exhibits some main chain differences, including an insertion of three residues compared with the class I structure. A large extension (residues 170-229) is present at the C-terminal region of the α-chain for the class III enzyme, which is not present in the class I structure (Figure 2A ). This extension positions the terminal helix of the α-chain further away from the core of the enzyme, and from the first residue of the β-chain.
In the β-chain there are a number of extensions and deletions between the two enzymes as well as minor deviations in the tracing of the chain ( Figure 2B ). The most significant of these differences are the presence of two extensions in the class III enzyme (residues 346-376 and 421-443), which result in a more sequestered substrate-binding site for the class III acylase as compared with the class I protein (compare Figures 2C and 2D ). The RMSD (root mean square deviation) between the β-chains of the two enzymes, on the basis of the alignment of the secondary structure elements, is 2.4 Å and the RMSD of the entire molecule (α-and β-chains) is 2.5 Å.
Structural comparison of the wild-type and H57βS/H70βS mutant of VAC
The engineered VAC mutant, where two histidine residues (His 57β and His 70β ) were mutated to serine residues, exhibited higher acylase activity on CephC than on Gl-7ACA [12] . A comparison of wild-type and mutant structures was undertaken to explain the impact of the substitutions on substrate specificity. Both structures show identical protein folds, with the only major differences at the sites of the mutations and at the position of Met 165α , where the side chain of this residue is ∼ 1 Å displaced in the mutant. The serine side chain at position 57β in the mutant VAC adopts a single conformation with a χ 1 torsion angle similar to that observed for the histidine residue in the wild-type enzyme. The space taken up by the imidazole ring in the wild-type structure has been filled with a water molecule that forms a hydrogen bond to the serine hydroxyl group in the mutant. In the case of the second mutation, H70βS, the serine side chain adopts two conformations, one with the same χ 1 torsion angle as observed for the histidine side chain in the wild-type structure ( − 180
• ) and the second conformation with a χ 1 torsion angle of − 68
• . Furthermore, three water molecules have been recruited into the VAC mutant active site around this serine side chain to fill the space left by the removal of the imidazole side chain.
A surface representation of the structure reveals a deep pocket separated from the external access route to the active site serine nucleophile by the side chain of Arg 24β . The pocket is present in both the wild-type structure and the double mutant; however, in the latter case the cavity is larger due to the removal of the imidazole ring of His 57β and replacement with the smaller serine side chain. In addition to the side chain at position 57β, the pocket is surrounded by the side chains of Tyr 32β , His 178β , Phe 58β , Val 68β , Leu 161β and Met 158α and the guanidinium group of Arg 24β . The pocket appears large enough to accommodate the glutaryl side chain of the substrate in the wild-type enzyme and the 5-amino-5-carboxyvaleramido side chain of CephC in the double mutant structure.
For the second mutation, H70βS, one conformation of the serine side chain is positioned 3.5 Å from one of the oxygen atoms of the tetrahedral adduct (see below) and may therefore play a role in stabilizing this adduct. This interaction is completely absent in the wild-type structure, where the imidazole side chain is directed away from the adduct and thus makes no hydrogen bond contacts.
Docking analysis performed with Autodock Vina [30] , using the crystallographic structures as receptors, suggested the mode of CephC binding at the active site of wild-type and variant VAC with an estimated G of interaction of 1.4 kcal/mol (1 cal ≈ 4.184 J) lower for the wild-type in comparison with the variant ( − 8.2 and − 6.8 kcal/mol respectively); this is in agreement with the experimental K m values reported in [6] . In both complexes, the overall conformation of the ligand is similar, with the atoms of the scissile amide bond (NH-C = O) almost superimposed: the distance between the catalytic Ser 1β and the carbon atom is 3.4 Å in both cases ( Figure 3A ). Minor differences in the conformation of CephC, that could account for the different binding energy between wild-type and mutant VAC, concern the lactam moiety of CephC (placed at the centre of the active site) which makes van der Waals interactions mainly with Met 165α and Phe 72β . In the mutant, this part of the molecule lies closer to Ser 70β and Met 165α than in the wild-type (His 70β ). In both proteins, the lactam substituents at position C 2 and C 3 point towards the bulk solvent with the terminal -CH 3 interacting with Phe 170α . The amino acid chain of CephC (at position C 5 ) points to the inner part of the active site. In the structure of CAD in complex with Gl-7ACA (PDB code: 1JVZ), the carboxyl moiety of the glutaryl side chain makes contacts with Tyr 149α , Tyr 33β (corresponding to Tyr 32β of VAC) and Arg 57β (corresponding to His 57β of VAC) [26] . In the VAC double mutant, the substitution H57βS effectively produces a larger cavity in this region of the active site, allowing CephC to assume a more stretched conformation that, in turn, results in the loss of the hydrogen bond between Tyr 32β -OH and one oxygen of the substrate chain and a more favourable orientation towards Ser 1β for catalysis ( Figure 3B ).
Bound adduct and implications for catalysis
As refinement of the double mutant VAC structure progressed, it was noted that additional difference electron density was present in the map with an apparent covalent linkage to the side chain hydroxyl oxygen of Ser 1β ( Figure 4A ). Inspection of the electron density of the wild-type VAC showed identical difference density features albeit at lower resolution. Attempts to identify the bound adduct are described in the Supplementary Online Data. The electron density of the atom linked to the serine side chain oxygen atom is clearly tetrahedral in nature, suggesting that the enzyme stabilizes an adduct mimicking the tetrahedral transition state analogue of the catalysed reaction. Glutamic acid has been modelled into the density for the bound ligand in such a way that the side chain carboxyl carbon atom forms the covalent linkage with the side chain oxygen of the Ser 1β . Glutamate was chosen, despite having a mass significantly smaller than what was observed above by MS, since that was what adequately fitted into the observed electron density. Refinement of this adduct resulted in a decrease in both the crystallographic R-factor and the free R-factor and a good fit to the electron density.
The structure of this covalent adduct complex was used as a guide to understand the possible interactions between the tetrahedral transition state and the protein. This is the first such view of a transition state analogue for CA. Contacts between the oxygen atoms of the tetrahedral intermediate and the protein are shown in Figure 4 (B) and include hydrogen bond contacts to the amide nitrogen of Asn 242β and the main-chain oxygen atom of His 23β . The latter contact suggests that this oxygen atom of the adduct must be in a hydroxyl form, whereas the second oxygen atom may be in the anionic form. Importantly, in the double mutant structure, one of the alternate conformations of the serine side chain at position 70β lies 3.6 Å from one of the oxygen atoms of the tetrahedral intermediate. This interaction is not present in the wild-type structure where the histidine side chain is directed away from the tetrahedral intermediate. . VAC belongs to the N-terminal class of hydrolases, which employ a typical acid-base catalytic mechanism for substrate hydrolysis: the N-terminal amine group acts as a base to deprotonate the hydroxyl group at the same residue. The active site of the enzyme is located at the base of the cavity with the first residue in the β-chain (Ser 1β ) making up the catalytic nucleophile in the acylase reaction. This residue lies at the Nterminal end of the second strand in the six-stranded β-sheet. The superimposition of the VAC active site with the active sites of PAC (penicillin acylase) in complex with PMSF (PDB code 1PNM) [31] and GA in complex with Gl-7ACA (PDB code 1JVZ) [26] allowed the proposal of a detailed catalytic mechanism for the hydrolysis of CephC (Figures 5A and 5B) . The CephC carbonyl carbon undergoes attack by the hydroxyl oxygen atom of Ser 1β , whose nucleophilic character is enhanced by Ser 1β -NH 2 (see above). Interestingly, in VAC, as in class I acylases [32] , there is not a 'conventional' catalytic triad as observed in classic serine proteases. The nucleophile Ser 1β -OH is directly hydrogenbonded to the N-terminal NH 2 of the same residue (2.7 Å) which, possessing a pK a of approximately 6.8-7.9, is not protonated and thus can act as a base during the first step of catalysis [31] . Furthermore, a hydrogen bond relay is evident involving Ser 1β -NH 2 , which lies 2.8 Å from ND of His 23β , and His 23β NE2, which is 2.7 Å from the carboxyl side chain of Asp 21β . Although Ser 1β
and His 23β are conserved in CAD, the function of Asp 21β in VAC is carried out by Glu 455β in CAD ( Figure 5A ). Superimposition of the VAC double mutant to the structure of PAC in complex with PMSF [31] main chain nitrogen respectively), facilitating interaction with the negatively charged oxyanion, thus suggesting that these hydrogen bond donor groups play an important role in stabilization of the tetrahedral transition state. These residues correspond to Asn 244β and Ser 70β in the class I enzymes ( Figure 5A ) [26, 27] . In class I acylases, a triad charge-relay system consisting of a water molecule, His 23β and Glu 455β was reported to be responsible for deacylation of the ester intermediate formed during autoproteolysis (see below) [29] . In the class III acylase this triad is composed of Trp 3937 , His 23β and Asp 21β . The aspartate residue, however, is positioned differently in the class III acylase than the glutamate residue in the class I acylase. Furthermore, although the water molecule is within hydrogen bond distance to the histidine side chain, it is located over 6 Å from the tetrahedral carbon in the transition state VAC adduct structure and 3.7 Å from the N-terminus of the β-chain in the class III structure. Inspection of the distances in both the class I and the class III structures suggest that the charge relay system may not require a water molecule. Rather, the charge relay may occur directly from the charged N-terminus of Ser 1β to His 23β and subsequently to Asp 21β (in the case of the class III enzyme) or Glu 455β (in the case of the class I enzyme).
Maturation
Several lines of evidence suggest that large conformational changes occur during maturation of VAC. First, Ser 1β should catalyse the two autoproteolytic cleavage reactions that excise the linker (and allow the formation of the mature protein), even if the two cleavage sites are separated by ten residues on the primary structure. Secondly, the 59 residue extension at the Cterminus of VAC α-chain positions the C-terminal α-helix further away from the core of the enzyme in comparison with class I acylases. This results in a distance of ∼ 39 Å between the Cterminal residue of the α-chain and the N-terminal residue of the β-chain. Such a large distance cannot be covered by the ten residue linker. Thirdly, the space between the two ends of the chains in the mature protein contains significant structural elements and, in particular, an extended loop encompassing residues 351-370 of the β-chain (Figures 1B and 1C) . For these reasons, it is plausible that large conformational changes of the linker region should occur during the maturation process. This is supported by the peculiar sequence of the linker (i.e. a repetition of alanine and aspartate residues with glycine residues at both ends) that is consistent with a high conformational flexibility of this region. Moreover, this peculiar sequence possesses a high propensity to form a compact α-helix secondary structure that could reduce the distance between the ends of the linker and that could be placed into the catalytic pocket. In addition, an inspection of the temperature factors suggests flexibility of the terminal helix of the α-chain (residues 213-229) as well as in the region of residues 351-370 of the β-chain, supporting the hypothesis of structural rearrangement upon maturation.
A similar situation was also observed recently in Pseudomonas sp. 130 GA class I enzyme [33] , where a long-distance movement of the spacer, required to bridge the 22 Å gap between the cleavage site and the active site residue Ser 1β , was predicted from the analysis of the crystal structure of the precursor. In this example it was demonstrated that the first cleavage in the maturation process is initiated by an intramolecular nucleophilic attack by Oγ of Ser 1β on the adjacent peptide bond via a catalytic triad mechanism assisted by His 23β and Glu 455β . The resulting C-terminal spacer is subsequently released by a second cleavage recently proposed to be an intramolecular process, performed by the N-terminal nucleophile, requiring large conformational changes in the α-subunit C-terminal region [33] .
A superimposition was carried out of active site residues for the precursor structure of a class I GA [32] from Ps. diminuta, the mature form of GA from Pseudomonas sp. strain GK16 [29] and the class III bound adduct structure reported in the present study. In the structures of the class I enzymes, a water molecule is present in the identical position to one of the oxygen atoms of the tetrahedral intermediate in the class III enzyme. This water molecule has been proposed to play a role in enhancing the nucleophilicity of Ser 1β during the second nucleophilic attack in the auto-maturation process of the precursor [32] . Furthermore, the water and oxygen position in the class I and class III bound adduct structures respectively is identical with that of an oxygen atom of the tetrahedral intermediate formed from the reaction of PAC with PMSF [31] (see Figures 4B  and 5A ). This above mentioned water molecule in the class I acylase has also been implicated in the intramolecular cleavage reaction during the autocatalytic maturation of the precursor enzyme. Its proposed role is to extract the proton from Ser 1β -OH, making the serine more nucleophilic for attack on the previous residue, thereby allowing the first cleavage reaction to occur during maturation. Activation of this water molecule would require the presence of a basic residue in the vicinity. An inspection of the environment around the water, and the equivalent oxygen atom of the tetrahedral adduct, does not show such an activating residue nearby. It may be that the aspartate residues in the linker sequence may act as the base to provide a direct activation of the serine side chain, which would not require the presence of the water molecule. Thus the water represents the position of one of the oxygen atom's transition state during the maturation process. In the precursor form of the class I GA structure, the linker Asp 167 side chain is too far from the nucleophilic serine (Ala 170 in the precursor mutant structure); however, the temperature factors of the linker segment are very high (up to 70 Å 3 ), suggesting that this region may undergo a rearrangement to position the aspartate side chain closer to the serine hydroxyl group. The class III enzyme also has aspartate residues at two positions in the linker region (GDASDAAGGG). Although the class III enzyme has a shorter precursor than the class I enzyme (EGDPPDLADQG), the presence of aspartate residues in both linkers may indicate similar mechanisms of activation and cleavage. Further comparisons of this would require a non-cleavable mutant to be structurally characterized for the class III enzyme as has been carried out for the class I member [32] .
Interestingly, a comparison of the linker position in the class I GA precursor form and the bound tetrahedral adduct in the class III structure show that they are differently positioned in the active site. This further suggests that the linker may undergo movements from its observed position in the precursor variant structure. In any case, the fact that the bound water in the class I structure, the oxygen of the tetrahedral adduct in the class III structure and the oxygen of the tetrahedral adduct in the PAC-PMSF complex structure are identically positioned in the active site suggests that this position is critical for the catalytic activity of the enzyme, both in terms of enzyme maturation and antibiotic (substrate) cleavage.
Engineering the substrate specificity of VAC
We previously demonstrated that the substrate specificity of VAC can be significantly altered by using an integrated semirational protein engineering approach based on models of the protein with CephC [12] . The availability of the experimental 3D structure of VAC allowed the identification of additional positions at the active site as targets of mutagenesis for the production of mutants with a further increase in the activity on CephC. Comparison of the model of VAC in complex with CephC suggests a closer interaction between the substrate and Met 165α in the H57βS/H70βS mutant than in the wild-type protein. To enlarge the binding site surrounding the substrate CephC, the triple M165αS/H57βS/H70βS VAC mutant was isolated by site-saturation mutagenesis starting from the cDNA encoding for H57βS/H70βS VAC.
The recombinant VAC triple mutant was efficiently expressed in E. coli and purified by immobilized metal-affinity chromatography (with an overall yield of 22 mg/l of fermentation broth): its maximal activity on Gl-7ACA is 6.2 units/mg protein. This VAC mutant shows higher activity on both CephC and Gl-7ACA than the double H57βS/H70βS mutant (see Figure 6 and Table 2 ). Owing to a ∼ 2-fold lower affinity for CephC, the kinetic efficiency (V max /K m ratio) of M165αS/H57βS/H70βS VAC mutant on this substrate is slightly lower than that of the double mutant. A ∼ 3-fold increase in K m is also observed with Gl-7ACA as a substrate (Table 2 ). Therefore the highest activity of the M165αS/H57βS/H70βS VAC mutant on CephC results in a further increase in substrate specificity (the ratio of V max /K m for CephC compared with Gl-7ACA): this value is 152-fold higher for the triple VAC mutant as compared with wild-type VAC (compared with 102-fold higher for the H57βS/H70βS mutant). Indeed, and similarly to the H57βS/H70βS mutant, the VAC triple mutant does not show any substrate inhibition effect, as instead observed for the wild-type enzyme on Gl-7ACA as a substrate: a K S of 21 mM was determined [12] . The increased kinetic efficiency of VAC M165αS/H57βS/H70βS on CephC is also paralleled by a stronger product inhibition: K i for 7-ACA is ∼ 1 mM, whereas no inhibition was observed for the VAC wildtype and double mutant (see Table 2 ) [12] . These results suggest that the introduced serine residue at position 165 favours the orientation of CephC for hydrolysis and simultaneously affects the substrate-product binding. 
*K s represents the inhibition constant as determined based on a substrate inhibition effect [12, 25] .
By utilizing conditions that resemble those used in industry (i.e. using the pH-stat assay method at 50 mM substrate concentration and room temperature) [5, 12] , the measured hydrolytic activity of the M165αS/H57βS/H70βSVAC mutant on CephC is 18-fold higher than that for the wild-type enzyme and 4-fold higher than that for VAC H57βS/H70βS ( Figure 6C ).
CAs are enzymes of significant industrial interest, since they can replace both the chemical and the two-step enzymatic conversion of CephC into 7-ACA [3, 5, 34, 35] . In order to facilitate their large-scale application, we have focused on the engineering of the kinetic properties of the Gl-7ACA acylase from Pseudomonas N176 [12, 25] and its cheap overexpression in E. coli [13] over the years. These studies led to the identification of a double mutant of the enzyme where two histidine residues on the β-chain of the mature enzyme, His 57β and His 70β , were mutated to serine residues and which exhibited a 100-fold increased substrate preference for CephC (higher ratio of CephC/Gl-7ACA efficiency; see Table 2 ). Structural studies of this mutant, as well as the wild-type enzyme, have shown that the binding pocket for the side chain bound to C 7 of the cephalosporin nucleus is enlarged by the absence of the side chain of His 57β . Modelling studies have indicated that the larger side pocket is better able to accommodate the longer substituent in the case of CephC as compared with Gl-7ACA. Our results demonstrate that the structural detail represents an optimal guide to improving the properties of VAC for biotechnological application.
Intriguingly, the structures of both the wild-type enzyme and the double mutant revealed a ligand covalently bound to the catalytic nucleophile Ser 1β . Although a full identification of the ligand was not feasible, the high resolution of the electron density (1.57 Å in the case of the double mutant) clearly showed a tetrahedral arrangement at the atom bonded to the serine hydroxyl oxygen atom, suggesting that the adduct mimics the proposed tetrahedral transition state. This ligand was fully present in the structures of the enzyme from purified protein and crystals grown and maintained at high pH. Data collected from crystals, which were grown from protein dialysed at a lower pH (5.5), revealed that a bound adduct was only partially present, suggesting that removal of the ligand is probably pH controlled. Attempts to identify the ligand by MS of the crystals were not successful. On the basis of the electron density a glutamate molecule was modelled into the map such that the side chain carboxyl carbon atom forms a tetrahedral link to the hydroxyl oxygen atom of Ser 1β . The H57βS/H70βS double mutation provides an additional hydrogen bond between the serine hydroxyl group and one of the oxygen atoms of the ligand, which mimics the tetrahedral transition state ( Figure 4B ). This distance approaches 4 Å in the case of the modelled substrate-bound complex and only approaches the distance of a hydrogen bond when the tetrahedral transition state is formed. Therefore the double mutation exerts two effects on the enzyme activity, which enable the protein to alter the specificity and improve the activity on CephC; the increase of the size of the substrate-binding pocket, which facilitates binding of the larger C 7 substituent in the case of CephC and the additional stabilization of the transition state.
VAC is the paradigm of class III GAs and differences are evident in the structure compared with the class I enzymes, which may explain the differences in relative enzyme activity towards the substrate. Two extensions in the β-chain result in a more sequestered substrate-binding site for the class III enzyme compared with the class I structure, thus facilitating a better positioning of the substrate for catalysis. This may affect the efficiency of substrate binding in the case of CephC. Indeed the relative enzyme activity of the class III enzyme for CephC compared with the class I enzymes is 4 % compared with 2.3 % [5, 11] . Recently, an artificial Pseudomonas sp. SE83 acylase was designed [36] by site-directed mutagenesis of the residues in the substrate transport tunnel (i.e. Leu 166 , Ala 675 and Leu 677 , where the numbers refer to the entire precursor protein); these mutations affect the kinetic properties of the enzyme.
In conclusion, we determined the 3D structure of a member of the class III GAs and employed the structural detail to produce an improved VAC variant suitable for CephC bioconversion. Our results also demonstrate that the change in VAC substrate preference is gained through a combination of multiple substitutions, each contributing to a small extent to the overall transformation.
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